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PROJECTION OPTICAL SYSTEM AND 
PROJECTION EXPOSURE APPARATUS 

FIELD OF THE INVENTION AND RELATED ART 

This invention relates to a projection 
optical system, a projection exposure apparatus having 
a projection optical system, and a device 
manufacturing method. More particularly, the 
invention concerns a catadioptric projection optical 
system which uses a concave reflection mirror, for 
example, in a projection optical system for printing, 
by projection exposure, a reticle pattern on a 
semiconductor wafer. 

^Recent advancement in semiconductor device 
manufacturing technology is quite notably, and micro- 
processing techhc^ogy following it also has advanced 
remarkably. ParticiH^ly, in the photo-processing 
technology, reduction prbs^ction exposure apparatuses 
having a resolution of submicbon order and called 
steppers or scanners, are used widfeo^ For further 
improvements of resolving power, enlarg^ta^t of the 
numerical aperture (NA) of the optical systerfSqr 
shortening of the exposure wavelengths are attempte&w 

As regards imaging optical systems used in 
projection exposb^^ieapparatuses for printing a 
semiconductor device patteai^such as IC or LSI on a 
silicon wafer, for example, a v^lpv high resolving 
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^wer is required. Generally, the resolving power of 
an iiftMing optical system is better as the wavelength 
used is shorter. For this reason, light sources which 
emit light shoH^r wavelengths as much as possible are 
5 used. As an exampl^^^ such short wavelength light 
source, excimer lasers arfe\known. Theses excimer 
lasers use KrF or ArF, for exah^e, as the laser 
medium. Also, there is an F2 laserNn^ch is expected 
as a next generation laser of the ArF lasfe^. 
10 In relation to the wavelength regions of 

these light sources, glass materials usable as a lens 
material are limited to quartz and fluorite. This is 
mainly because of the decrease in the transmission 
factor. Further, even with such quartz or fluorite 
15 usable in the wavelength regions of these light 

sources, as discussed in Japanese Laid-open Patent 
Application, Laid-open No. 79345/1998, for example, if 
the optical system consists of refraction lenses only 
and the number of lenses is large so that the total 
20 glass material thickness is large, there may occur 

problems such as a shift of the focal point position, 
for example, due to heat absorption of the lenses. 
Further, in recent projection optical systems, a 
larger niimerical aperture and a wider exposure range 
25 are strongly desired, and this raises the necessity of 
further increasing the number of lenses used. This 



an increase of the cost of glass materials. Further, 
if the band-narrowing of a laser is insufficient, 
correction of chromatic aberration must be made. This 
needs achromatism based on a combination of refracting 
lenses in an optical system, for the correction of 
chromatic aberration. Also, this leads to a further 
increase of the number of lenses used. 

Japanese Laid-Open Patent Application, Laid- 
Open No. 331941/1994 corresponding to U.S. Patent No. 
5,623,365 and J^anese Laid-Open Patent Application, 
Laid-open No. 128590/1995 corresponding to U.S. Patent 
No. 5,555,497, show an optical arrangement in which, 
for correction of chrom^ic aberration, a diffractive 
optical element is introduced into a projection 
optical system comprising diWric systems. In this 
optical arrangement, a diffracrive optical element 
having a dispersion inverse to tW^ of an ordinary 
refracting lens is introduced and pMced adjacent a 
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has a dispersion value inverse to a refracting lens or 
it has substantially no thickness, the optical system 
can be made very compact, as an example. 

A§va method of producing a diffractive 
optical elemerJs^ having such features very precisely, a 
binary optics hasSattracted attentions, for example . 
This is because a seriNj,conductor process used in the 
manufacture of LSI, for'^ample, can be applied to it 
by approximating a Kinof orrtN^hape by a step-like 
shape, such that even a very ^all pitch can be 
produced easily and very precis 

>anese Laid-Open Patent Application, Laid- 
open No. 78319>^996 corresponding to U.S. Patent No. 
5,754,340 shows an^^bjgtical system having diffractive 
optical elements, quartzS^nses and fluorite lenses, 
in which at least one diffrabt4^e optical element has 
a positive refractive power, at le^'si one quartz lens 
has a negative refractive power, and at re^st one 
fluorite lens has a positive refractive power .\This 
is intended particularly to reduce secondary spect: 

Laid-open Patent Application, Laid- 
Open No. 17720/19^6 shows an optical system in which a 
diffractive optical el^ent is introduced into a 
catoptric system. This opts^cal system includes 
diffractive optical elements anSs, reflecting members 
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diffractive optical element is provided on the 
rejection surface. It is stated in this document 
that ttifes^ole having been taken by a refracting lens 
is played b^\a diffractive optical element, by which a 

5 projection optic^ system of reduced magnification is 
accomplished only byS±he combination of reflection 
surfaces and dif f ractiv^soptical elements. Also, it 
is stated that, since the d^fractive optical element 
has a dispersion corresponding the bandwidth of 
10 light to be used for the pro jection'^posure, in the 

paraxial region, it is desirable to useN^e same while 
keeping its refractive power nearly at zerdV that is, 
at an infinite focal length. Thus, this strucWe 
proposes an optical system which can be used in 

15 short wavelength region in which no refracting lens\. 

feiU il^' bO '^ llGGdu — 

rther, many proposals have been made in 
respect to a bqmbination of a dioptric system and a 
catoptric system^N^at is, a catadioptric system. 
These optical systemsSare intended to correct 
chromatic aberration or other aberrations by a 

combination of a mirror and ^V^f ^acting lens, and no 
diffractive optical element is us 

Among them, Japanese Laid-Open Patent 
25 Application, Laid-Open No. 304705/1996 corresponding 
to U.S. Patent No. 5,691,802 shows an optical system 
constituted by a double- imaging (twice-imaging) 
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system, in which a first imaging system includes one 
concave mirror and a refracting lens so that an 
intermediate image of a reticle formed by the first 
imaging system is imaged upon a wafer by a second 
imaging system which comprises refracting lenses. 

^cording to the structure of this document, 
a flat mirrok is disposed adjacent the intermediate 
image formed bySuie first imaging system, to deflect 
f\r \ the advancement dir^tion (optical axis) of the light 
\ m) by 90 deg. toward the^^cond imaging system. Also, a 
reflection mirror is provided in the second imaging 
/ system so that the wafer surW:e and the reticle 
surface are held in parallel toWch other. This 
optical system accomplishes scanning exposure by using 
15 an abaxial light beam and by scanningNthe reticle and 
the wafer in synchronism with each othei 

optical system shown in Japanese Laid- 
open Patent A^lication, Laid-Open No. 331941/1994, 
mentioned above, ^jti which a diffractive optical 
Jo element is introduces into a dioptric system, needs a 
large number of lensesXdue to the necessity for 
aberration correction. Thbts, there is a possibility 
that, due to the influence of\hermal aberration or 
the like, the performance of the projection optical 
25 system is degraded. Further, where l^ie wavelength of 
the exposure light is shortened much mor^ the 



The optical system shown in Japanese Laid- 
Open Patent Application, Laid-open No. 128590/1995 
mentioned above needs a smaller number of elements, 
but the exposure range is narrow and the numerical 
aperture of the optical system is small. Therefore, 
in order to widen the exposure range and to enlarge 
the numerical aperture, a large increase of the number 
of lenses is inevitable. 

The optical system shown in Japanese Laid- 
Open Patent Application, Laid-Open No. 78319/1996, 
mentioned above, uses refracting lenses and 
diffractive optical elements, in which at least one 
dif tractive optical element has a positive refractive 
power, at least one quartz lens has a negative 
refractive power, and at least one fluorite lens has a 
positive refractive power. However, for better 
correction of chromatic aberration and other 
aberrations to accomplish an optical system having a 
high resolving power and a wide exposure region, this 
optical system still requires a large number of 
refracting lenses, similarly. Yet, no specific 
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the diffractive optical element is used because, as 
long as stated there, the power of thereof should 
desirably be held closed to zero, the mirror owes the 
the refractive power of the optical system. Also, 
there is no lens used as a refracting lens. For these 
reasons, a large numerical aperture and a wide 
exposure range are not attainable with this optical 
system, 

the optical system shown in Japanese Laid- 
Open Patent Application, Laid-Open No. 304705/1996 
mentioned aboves. aberration correction is made such 
that the aberratib^n produced by the first imaging 
system is cancelled iDy the second imaging system. For 
example, in the first aSmaging system, a concave mirror 
and a negative lens dispo^d adjacent the concave 
mirror function to produce an "over" image field 
curvature, while on the other hand, the negative lens 
produces axial chromatic aberratiW in the "over" 
direction. In order to cancel them^s.the second 
imaging system is constituted by a rertacting lens 
group. By means of its lenses having a positive 
power, "under" image field curvature and axdal 
chromatic aberration are produced, by which r*he 
aberration correction as a total system is \ 
accomplished. However, because of the necessity N^f 
correcting the chromatic aberration and the image \ 
field curvature concurrently and also correcting any\ 
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<5^er aberrations, the first imaging system should 
incni^e a lens group of negative refractive power as 
well as maoY additional lenses. Further, the second 
imaging systenN^hould include many lenses. 
Particularly, as regards the refracting lenses used in 
the first imaging systems§s a reciprocal optical 
system, unless the number of"H;Jiem are reduced as much 
as possible, the total thickness the optical system 
becomes large and the transmission fa'btor decreases. 
There arises a large influence of the the^ti^l 
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If, on the other hand, the optical system is 
to be provided by a catoptric system in which only 
reflection mirrors being free from chromatic 
aberration are used, it becomes very difficult to 
design and produce one having a high numerical 
aperture. 



SUMMARY OF THE INVENTION 
20 is accordingly an object of the present 

invention to^rovide an improved projection optical 
system by which a>. large numerical aperture and a wide 
exposure area is assured. 

In accordance with an aspect of the present 
25 invention, there is provided a projection optical 

system, a projection exposure apparatus or a device 
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any one of items (1) - (15) below. 

(1) A projection optical system, comprising: at 
least one lens; at least one concave mirror; and at 
least one diffractive optical element. 

(2) A projection optical system according to item 
(1) wherein said at least one lens, said at least one 
concave mirror and said at least one diffractive 
optical element have a positive refractive power, 
respectively, and wherein said projection optical 
system does not include a lens having a negative 
refractive power, a mirror having a negative 
refractive power or a diffractive optical element 
having a negative refractive power, 

(3) A projection optical system according to item 
(1) wherein said at least one lens, said at least one 
concave mirror and said at least one diffractive 
optical element include a lens, a concave mirror and a 
diffractive optical element of a positive refractive 
power. 

(4) A projection optical system according to any 
one of items (1) - (3), wherein said projection 
optical system includes a first imaging optical system 
having said at least one lens and said at least one 
concave mirror, for imaging an intermediate image of 
an object, and a second imaging optical system having 
said at least one lens and at least one diffractive 



onto an image plane. 

(5) A projection optical system according to item 
(4) wherein said first and second imaging optical 
systems are disposed along a common straight optical 
axis, and wherein abaxial light from the object as 
reflected and collected by said concave mirror is 
caused by said mirror to pass through an outside 
portion of an effective diameter of said concave 
mirror, toward the image plane side. 

(6) A projection optical system according to item 

(4) or (5), further comprising a field optical system 
disposed between said first and second imaging optical 
systems . 

(7) A projection optical system according to item 

(5) or (6), wherein said first imaging optical system 
includes at least a lens having a positive refractive 
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(10) ^ projection optical system according to item 
(4), furthek comprising a reflection surface disposed 
adjacent an in^rmediate image formed by said first 
imaging optical s^^em, and wherein abaxial light from 
the object as reflected and collected by said concave 
mirror is deflected by sai^'^re flection surface toward 
said second imaging optical syfeiem. 

(11) ^ projection optical system according to any 
one of iten^s (1) - (10), wherein at least one of 

dif f ractive \pptical elements of said projection 
optical systeb satisfies a relation: 

3 < MP/ A AsO 
where MP is a minimum pitch (micron) of the 
dif f ractive optical element, and % is the exposure 

(ISJ a projection optical system according to any 
one of it^ms (1) - (10), wherein at least one of 
diffractive c^t;ical elements of said projection 
optical system sar^isfies a relation: 

I Ld/Lg2 I < 0-2 
where Ld is the distance between an aperture stop of 
said second imaging optical syslsam and said 
diffractive optical element, and Lg2 is the distance 
from an paraxial image plane position of an 
intermediate image formed by said first intMing 
optical system, corresponding to an object po^>nt 
position of said second imaging optical system, rxj an 
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^fB^im<m Piane where im iiilBn ife-cfrate Ihtayb le- 

(13) \projection optical system according to any 
one of itemsVs^2), further comprising a field 
stop adjacent an int^Jnfediate image to be formed by 
said first imaging optical sysl 

(14) A projection exposure apparatus for 
projecting a pattern of a mask onto a substrate by use 
of a projection optical system as recited in any one 

of items (1) - (13). 

(15) A device manufacturing method, comprising the 
steps of: exposing a wafer to a device pattern; and 
developing the exposed wafer. 

(16) A method according to item (15), wherein the 
exposure step uses laser light from one of an ArF 
excimer laser and an F2 excimer laser. 

These and other objects, features and 
advantages of the present invention will become more 
apparent upon a consideration of the following 
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Figure 2 is a schematic view for explaining a 
projection optical system according to another 
embodiment of the present invention. 

Figure 3 is a schematic view for explaining a 
projection optical system in a first example of the 

present invention. 

Figure 4 is a schematic view for explaining a 
projection optical system in a second example of the 

present invention. 

Figure 5 is a schematic view for explaining a 
projection optical system in a third example of the 
present invention. 

Figures 6A, 6B, 6C and 6D are schematic 
views, respectively, for explaining a projection 
optical system in the third example of the present 
invention. 

Figure 7 is a schematic view for explaining a 
projection optical system in a fourth example of the 

present invention. 

Figure 8 is a schematic view for explaining a 
projection optical system in the fourth example of the 

present invention. 

Figure 9 shows aberrations of a projection 



invention. 

Figure 11 shows aberrations of a projection 
optical system in the third example of the present 
invention. 

Figure 12 shows aberrations of a projection 
optical system in the fourth example of the present 
invention. 

Figure 13 shows aberrations of a projection 
optical system in a fifth example of the present 
invention. 

Figure 14 is a sectional view of a lens 
structure in the first example of the present 
invention. 

Figure 15 is a sectional view of a lens 
structure in the second example of the present 
invention. 

Figure 16 is a sectional view of a lens 
structure in the third example of the present 
invention. 

Figure 17 is a sectional view of a lens 
structure in the fourth example of the present 
invention. 

Figure 18 is a sectional view of a lens 
structure in the fifth example of the present 
invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In accordance with an embodiment of the 
present invention, a projection optical system such as 
shown in Figure 1 may be provided on the basis of the 
5 above-described structure (first embodiment). This 
embodiment accomplishes a projection optical system 
having a reduced number of lenses and assuring a high 
resolving power and a wide exposure region. Referring 
to the schematic view of it in Figure 1, denoted at 
10 101 is a first object (reticle), and denoted at 102 is 
a second object (wafer). In Figure 1, denoted at M is 
a mirror, and denoted at O is a refracting lens. 
Denoted at D is a diffractive optical element. As 
shown in Figure 1, the pro jection optical system of 
15 this embodiment includes at least a refracting lens, a 
mirror and a diffractive optical element. All the 
elements in this optical system having a focal length, 
that is, the refracting lens, the mirror and the 
diffractive optical element have positive focal 
20 lengths. This enables a projection optical system 
having a small number of lenses and assuring a high 
resolving power and a wide exposure region. 

Details of it will be described below. 
Generally, in an optical system, various 
25 aberrations (chromatic aberration, image field 

curvature, etc.) are corrected by combining optical 
elements having positive and negative refractive 
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powers. Therefore, in order to obtain an optical 
system in which aberrations are corrected with respect 
to a higher numerical aperture and a wider exposure 
range, it necessarily needs a large number of optical 
elements having positive and negative refractive 
powers. 

To the contrary, if it is possible to provide 
an optical system in which the number of optical 
elements of negative refractive power is reduced as 
much as possible and also in which aberrations are 
corrected with respect to a high numerical aperture 
and a wide exposure range, the number of lenses of 
such optical system can be made very small. 

For simple discussion on this point, a thin 
contact system will now be considered. Here, it is 
assumed that is a composite negative refractive 
power of a refracting lens (lenses), U q_ is an Abbe 
constant and n_ is a refractive index of it. Also, it 
is assumed that 0o+ is a composite positive refractive 
power of a refracting lens (lenses), Uq^ is an Abbe 
constant and n^ is a refractive index of it. Further, 
it is assumed that is a composite refractive power 
of a mirror (mirrors), 0^ is a composite refractive 
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Held and chromatic aberration. Since these 
aberrations~T^*g^lY depend upon the power arrangement 
of the optical system /*tRfey^.§hould be considered 
sufficiently at the initial stage of tne UBs*§Jiiag^ 

In order to obtain an optical system in which 
the field curvature and the chromatic aberrations are 
corrected satisfactorily, the optical system should 
include a lens having a positive refractive power and 
a lens having a negative refractive power. 

Particularly, when the optical elements 
constituting an optical system are all refracting 
lenses, an index F representing the field curvature as 
well as an index C representing the chromatic 
aberration can be expressed by equations (1) and (2) 
below. 

F = 0o+/n+ + 00-/"- •••(!) 

C = 0o+/*^O+ * ^0-/^0- .••(2) 
It is seen from equations (1) and (2) above 
that, if the optical system does not include any 
element having a negative refractive power, the 
indices F and C are determined only by those elements 
having a positive refractive power, and therefore, 
neither of them can be made small or zero. 

Since the usable glass materials are limited 
in the short wavelength region, as described 
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obtain an optical system having a wide exposure region 
and a high numerical aperture, the number of lenses 
with a positive refractive power as well as the number 
of lenses with a negative refractive power have to be 
increased considerably. 

Wkere an optical system is constituted by a 
refracting leiis (lenses) and a diffractive optical 
element (elementsV the indices F and C are given by 
equations (3) and (4\below. It is seen from equation 
(3) and (4) below that,\n order to correct the 
chromatic aberration C andVhe field curvature F at 
once, the optical system inevitably needs a lens 
(lenses) having a negative ref Active power. This is 
because the diffractive optical element itself does 
not contribute to the field curvatur^. 

Further, in an optical system which is 
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c = 00+/% + h'lH- ---^^^ 

In consideration of the above, if the optical 
system is constituted by a refracting lens (lenses), a 
diffractive optical element (elements) and a mirror 
(mirrors) as in the present invention, the indices F 
and C can be expressed by equations (7) and (8) below. 
F = 0o+/n+ + 0o_/n_ + ...(7) 

C = 0o+/»'O+ + 00-/^^0- hl^6. '"^^^ 
A| described above, since the diffractive 

optical eleme^ itself does not produce a field 

curvature, what d^rmines the field curvature is the 

mirror and the refracri^g lens. Further, since the 

mirror does not contributesto correction of chromatic 

aberration, the refracting lel^ and the diffractive 

optical element function to corr^t the same. Thus, 

when a projection optical system isSiormed by use of 

three kinds of elements of refractingVens, mirror and 
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aberration can be corrected. Namely, an optical 
system can be structured without use of a lens having 
a negative refractive power, which is inevitably 
required in conventional optical systems. In this 
5 case, for correction of chromatic aberration, the 

optical system may comprise a lens having a positive 
refractive power and a diffractive optical element 
having a positive refractive power as well as a mirror 
(concave mirror) having a positive refractive power 

10 for cancelling a negative field curvature produced by 
the lens of positive refractive power. This enables 
an optical system without use of a lens and an element 
having a negative refractive power. 

As described above, a projection optical 

15 system may comprise at least a refracting lens, a 

mirror and a diffractive optical element, wherein each 
of the elements having a focal length, that is, 
refracting lens, mirror and diffractive optical 
element, may have a positive refractive power. This 

20 structure enables correction of image field curvature 
and chromatic aberration in the whole system, and also 
it assures an optical system with a reduced number of 
elements . 

In accordance with another embodiment of the 
25 present invention, a catadioptric projection optical 
system such as shown in Figure 2 may be provided on 
the basis of the above-described structure (second 
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embodiment ) . Denoted in Figure 2 at 101 is a first 
object (reticle), and denoted at 102 is a second 
object (wafer). The optical system of this embodiment 
includes at least a first imaging optical system Gl 
5 and a second imaging optical system G2, in an order 
from the object side. The first imaging optical 
system Gl includes a refracting lens and a mirror, and 
it serves to form an intermediate image of the first 
object 101- The second imaging optical system G2 
10 includes a refracting lens and a diffractive optical 

element, and it functions to re-image the intermediate 
image, described above, upon the second object 102, 

Generally, a mirror has features as follows: 

(i) No chromatic aberration is produced at a 
15 mirror surface. 

(ii) The relationship in sign between the power of 
the mirror and the Petzval sum is inverse to that of 
an ordinary refracting lens. For example, since a 
concave mirror may have a positive power while its 

20 Petzval sum may have a negative value, the load of 
power to a negative lens in the optical system for 
correction of the Petzval sum can be reduced. 

Use of a mirror having such features in an 
optical system is advantageous in optical design, and 

25 it is an effective measure to construct an optical 
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Hfewever, because of reflection of light at 
the mirror sur^^e, there arise several problems. 
Particularly, whereN^mirror is used in a single- 
imaging optical system, x^is necessary that the light 
incident on the mirror and tRe light emitted from it 
are separated from each other wnen image upon an image 
plane. To this end, a beam splitte^r should be used, 
for excimple. Alternatively, an optic^ system should 
be arranged to produce a void in its puj^isJ. 

i^rther, generally, if in a multiple-imaging 
optical sysr^ a mirror is disposed in a final imaging 
optical systenov it is difficult to keep a sufficient 
back focus, and therefore, the optical arrangement for 
separating the ligh\ incident on the mirror and the 
light emitted from it\rom each other becomes 
complicated. Here, the ^^nal imaging optical system 
is one of the imaging systems which is closest to the 
second object (wafer) in Figu^ 1. Additionally, if a 
larger numerical aperture is dessLred, the arrangement 
becomes more strict and, on the otner hand, the size 
of the mirror becomes larger. In contei deration of 
them, in a multiple-imaging optical sys\em, a mirror 
should desirably be placed on an imaging o^ical 
system other than the final imaging optical sWtem. 

In this embodiment of the present invention, 
in consideration of it, at least one mirror is 
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final imaging optical system, more particularly, in 
the first imaging optical system Gl. 

Generally, a dif tractive optical element has 

features as follows: 

(i) It has a dispersion of a sign inverse to that 

of an ordinary lens. 

(ii) It does not produce field curvature (zero 

Petzval sum). 

3, although a mirror has features that it 

does not pr^^ chromatic aberration as a 
hcharacteristic^^of and it has a relation between 
^he power and the PetW sum of a sign inverse to 
!V that of an ordinary ref^^ng lens, a diffractive 

optical element has feature^hat it the dispersion is 
inverse to an ordinary ref racti\^lens whereas the 

fO' fr i W Q-l-- <wain - *i ' n ' ao ro n 

In consideration of the differences in 

structural components of an optical system as 
described above, the following conclusions are 

0 obtained: 

(a) Wtiere the optical elements constituting an 
optical syst^^K^e all refracting lenses, in order 
that both the fi^lbs^rvature and the chromatic 
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&aterxals usable in the short wavelength region are 
verK liinited, and currently available glass materials 
usableNtfith the ArF wavelength are quartz and fluorite 
only, whilby^ as regards the F2 wavelength, only 
fluorite has aNhigh transmission factor. 
Particularly, in rfelation to the F2 wavelength, as 
long as the fluorite ife. only the glass material 
usable therewith, there resjains chromatic aberration 
unless the F2 laser is band-n^rowed sufficiently to 
reduce the chromatic aberration satisfactorily. 
'Further, for correction of field cur^ture, a 
refracting lens having a positive refractive power and 
a refracting lens having a negative refractive power 
should be used effectively. This inevitablV ^results 
in an increase of the number of lens elements isn the 
optical system having a large numerical aperture ahd a 

(b) Where an optical system is constituted by a 
refracting lehs (lenses) and a diffractive optical 
element ( el ementsV while the diffractive optical 
element is effective ass a freedom for correction of 
chromatic aberration, it diQies not directly concern the 
correction of field curvature /\Thus, in order that 
both the field curvature and chromkt^^ aberration are 
corrected at once in an optical system rt^ing a large 
nximerical aperture and a wide exposure range>sit 
inevitably needs use of an increased n\imber of 
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..jjacting lenses having a negative refractive power. 
ThiTTT an obstruction for sxn,>iiliLaLlu.. of the ^ 

(c) Hhere an optical system is constituted by a 
5 Mirror CnuL) and a refracting lens (lenses), while 
the Mirror is eWve as a freedom for correction of 

field curvature, it '''''''' 
correction of chromatic aSWion. Thus, in order 
that both the field curvature ^t^romatic aberration 
10 are corrected at once in an optical^ having a 
urge numerical aperture and a wide expire range. 
Similarly, it needs use of an increased nuiiW of 
refracting lenses having positive and negative 

r cfraotiv'M >ow< ^ ^^'^ 
15 in consideration of the above, in this 

embodiment, the optical system is constituted by a 
refracting lens (lenses), a mirror (mirrors) and a 
aiffractive optical element (elements). Since the 
aiffractive optical element itself does not produce 
20 aeld curvature, what determines the field curvature 
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^Qgitively as described above, enables an optical 
system havin5"*-a..J^rge numerical aperture and a wide 
exposure range, in whichTliei4..^£ux^ and chromatic 

aberration are corrected at once with a simpT&^^v^ 
s*«ictiirg^ 

Further, in this embodiment, the final 
imaging optical system should desirably be provided by 
an element other than a mirror, as described 
hereinbefore, a refracting lens and a diffractive 
optical element are used to assure both a large 
numerical aperture and the correction of chromatic 
aberration and other aberrations. In the final 
imaging optical system, a positive refracting lens 
produces a large "under" chromatic aberration. Thus, 
with the provision of a diffractive optical element in 
the final imaging optical system, chromatic aberration 
otherwise to be produced by the final imaging optical 
system can be suppressed. As a result of this, the 
first imaging optical system Gl needs only a decreased 
number of optical components for cancelling chromatic 
aberration to be produced by the second imaging 
optical system. Thus, the structure can be made 
simple. Further, because of the provision of a mirror 



-28- 



The second imaging optical system may include 
at least one diffractive optical element having a 
positive refractive power for correction of chromatic 
aberration. Through the diffractive optical element 
having inverse dispersion as compared with an ordinary 
refracting lens, chromatic aberration to be produced 
by the second imaging optical system can be reduced 
and, also, the chromatic aberration of the whole 
system can be corrected satisfactorily. 

In order to cancel "under" field curvature 
(positive Petzval sum) produced by a refracting lens 
of the second imaging optical system, as having a 
positive refractive power, the first imaging optical 
system may include at least one mirror (concave 
mirror) having a positive refractive power. 

Preferably, at least one diffractive optical 
element should satisfy the following condition: 

3 < MP/A < 50 ... (9) 

where MP is the minimum pitch (micron) of the 
diffractive optical element, and 7i is the exposure 
wavelength (micron) . 

Bquation (9) above defines a condition 
related to the>i,^h of the diffractive optical 
element. If the upper'^a>i5jit thereof is exceeded, the 
pitch of the diffractive optica3>^Q^ment becomes too 
large, and the effect thereof does not'YuQction well. 
Therefore, sufficient correction of chromatic^. 
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"ab^rration and simplicity in structure are not 
attainabre7*"-<Lf_the lower limit is exceeded, the pitch 
of the becomes too smal 1^ tB**tfee-..£ont r ary , such that 
the manufacture thereof becomes difficult^ 

Piast one of 
Ln the projection 
it a position which 
, , , (10) 
1 aperture stop of 
and the diffractive 
stance from the 
le first imaging 
le axial object 
^9 optical system 
the intermediate 

Equation (10) above defines the distance Ld 
between the diffractive optical element and the pupil 
(aperture stop)- If the upper limit thereof is 
exceeded, the distance between the aperture stop and 
the diffractive optical element becomes too far, such 
that correction of chromatic aberration such as axial 
chromatic aberration becomes difficult to accomplish 
and, on the other hand, reducing the exposure non- 
uniformness upon the image plane becomes difficult. 

More preferably, the following condition 
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should be satisfied: 

I Ld/LG2 I < 0,15 ... (10* ) 

Further, in this embodiment, if the 
magnification of the second imaging optical system is 
|3g2, the following condition should desirably be 
satisfied: 

-0.5 < ^G2 < -0.05 . . • (11) 

Also, if the total axial optical distance is 
Lo and the distance between the first object 101 and 
the first mirror Ml is LMl, the following condition 
should preferably be satisfied: 

0.1 < LMl/Lo < 0.5 ... (12) 

In Figure 3, for example, Lo corresponds to 
the f ollowing'^^istance: 

Lo = (distance fl^om object surface 101 to first 
mirror Ml) + {distance from first mirror Ml 
to second mirror M2) + xAjstance from second 
mirror M2 to image plane 10- 
quation (11) above determines an appropriate 
value for th^s^f f ective diameter of the second imaging 
optical system ami. also, it defines the magnification 
of the second imaging\^tical system G2 to assure a 
predetermined magnification throughout the optical 
system as a whole or to simplr^es the structure of 
the first imaging optical system If the lower 

limit of the same is exceeded, the eff^tive diameter 
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excessively and, additionally, the height of the 
intdl^mediate image (object height in the second 
imagings^ optical system G2) becomes small. As a 
result, i\ becomes difficult to direct light from the 
first imaging optical system Gl to the second imaging 
optical system\G2 . If the upper limit is exceeded, 
the refractive power of the second imaging optical 
system G2 becomes la>fge, so that the aberration 
correction becomes diflBacult to accomplish. Also, the 
height of the intermediate^ image (object height in the 
second imaging optical systeHi^ G2 ) increases 
excessively. This is undesirab>ie , 

luation (12) above defines the position of 
the first mir^pr Ml with respect to the total axial 
optical length o^the optical system. If the lower 
imit is exceeded, wie refractive power of the first 




imaging optical systemNyicreases, and aberration 
correction becomes difficiiS^t, If the upper limit is 
exceeded, the effective diamelSk^r of the first mirror 
Ml increases excessively, such tfl^ the refractive 
power of the second imaging optical s^^i^em G2 
increases. As a result, well-balanced abesx^ation 
correction in the whole system can not be attained. 

f_ield stop may be provided adjacent an 
intermediate image f or7ned'-^b5(L..,the first imaging optical 
system Gl, by which the exposure range can 
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4^is embodiment is particularly effective for 
structuring apl^Ggection optical system having a large 
numerical aperture ancTva wide exposure range and to be 
ised with a light source otfe-^m^t wavelength (exposure 
wavelength) of 200 nm or shorter /^'S^nce, in the short 
wavelength region such as ArF excimer r&^^er or F2 
excimer laser, usable glass materials are lifted such 
that correction of chromatic aberration is diffi>cult 
to accomplish only with use of ordinary refractingN. 
"t^gns as . 

regards lenses and diffractive optical 
elements, for the^hort wavelength region of 200 nm or 
shorter as of ArF or F2>va material having a high 
light transmissivity such as cbm^site quartz (or 
fluorine doped quartz) or fluorite, ?b-i;^ example, may 
be used. Further, these optical elements ml 
desirably be disposed in an ambience of inactive ^as 
s«€fe-^b N2 Oi lie."^ 

Several specific examples of the present 
invention wiHs^e described below. In each of these 
examples, the optib^ system is structured as a 
projection optical systfem to be used in a projection 
exposure apparatus of step-ah^-repeat type or step- 
and-scan type. In ordinary litho^^phic processes, a 
wafer is exposed to a device pattern b^s^se of this 
exposure apparatus, and a development proce&s and an 
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[ Example 1] 

Figure 3 shows the lens structure according 
to Example 1 of the present invention. In this 
example, the op1n>cal system includes at least one 
mirror, at least on^\lens and at least one diffractive 
optical element. Thosd\optical element having a focal 
length in the optical system are all designed to have 
a positive refractive power. N?enoted at 103 is an 
optical 1axis of this optical system. The optical 
system comprises a double-imaging optical system which 
includes at least a first imaging optical system Gl 
for forming an intermediate image of theV first object 
101 and a second imaging optical system GZVfor imaging 
the intermediate image upon the second object 102. 
The first imaging optical system Gl comprises\at least 
one mirror and at least one refracting lens, whiJe the 
second imaging optical system G2 comprises at leasv^ 
one refracting lens and at least one diffractive \^ 

qgtjjEflI-jaLeroen*-« ' " n^--^ — 

More specifically, the optical system 
includes, in an order from the object side, a 
refracting lens group LI having a positive refractive 
power, a group L2 having a mirror (mirrors), a field 
lens group F, and a second imaging optical system G2. 
A refracting lens (lenses) constituting the refracting 
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and a second mirror (concave mirror) M2. Since both 
of them are concave mirrors, the group L2 has a 
positive refractive power. Also, a refracting lens 
(lenses) constituting the field lens group F and a 
refracting lens (lenses) constituting the second 
imaging optical system G2 similarly have a positive 
refractive power. 

In the structure of this example, the light 
from the first mirror Ml and reflected by the second 
mirror M2 passes outside the effective diameter of the 
first mirror Ml. Also, the optical system of this 
example has only one optical system. With this 
arrangement, a projection optical system in which the 
central portion of a pupil is not void (light blocked) 
is accomplished. 

Figure 14 is a sectional view of the lens 
structure of a projection optical system, according to 
this example of the present invention. The projection 
optical system had a projection magnification of 1:4, 
and the reference wavelength (design wavelength) 
thereof was 157 nm. The glass material used was 
f luorite. 

In this example, the image side numerical 
aperture wasNlA = 0.6, and the reduction magnification 
was 1:4. The obje&t<;to- image distance (from the 
surface of the first objeb^^o the surface of the 
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we"5;e corrected with respect to the reference 
waveleng^^ of 157 run, and within a image height range 
of about ll.ZSs^ 16.25 mm. Upon an image plane, an 
arcuate exposure r^^on of a size of at least about 26 
mm in the lengthwise dx^-e^tion and about 4 mm in the 
widthwise direction, was assu^h&4,. 

Figure 9 shows longitudinal and lateral 
aberrations in this example. The aberrations are 
illustrated with respect to the reference wavelength 
and a wavelength of ±2pm. 

The structure of the optical system of this 
example will be described more specifically. 

The refracting lens group LI comprises, in an 
order from the object side, an aspherical positive 
lens of approximately flat-convex shape having a 
convex surface facing to the image side, and an 
aspherical positive lens of biconvex shape. This lens 
group mainly contributes to correction of 
telecentricity or distortion aberration, for example. 

^s^The group L2 including two mirrors comprises, 
in an order i^:;;om passage of light from the refracting 
lens group LI, an^-^pherical mirror having a concave 
surface facing to the la^ect side, and an aspherical 
mirror having a concave siir'^^e facing to the image 
side. These mirrors function to^roduce a field 
curvature in the "over" direction, by^which an image 
field curvature to be produced in the seccmd^imaging 
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I) ^sy-ciher, the groups LI and L2 cooperate to 

form an intermediate image ii: d yUi>iUuii adjucuiL-lhe 

The field lens group F disposed about the 
intermediate image of the first object 101 formed by 
the first imaging optical system Gl comprises an 
aspherical positive lens of biconvex shape. It serves 
to direct the light from the first imaging optical 
system Gl to the second imaging optical system G2, and 
also to mainly correct distortion aberration. 

second imaging optical system G2 

\ comprises, in ^r^bj;;^r from the object side, a 
diffractive optical elenteA^^ving a positive 
\/\ refractive power, an aperture stoe^^ diffractive 
optical element having a positive refr^st^e power, 
two aspherical positive lenses of biconvex sti^, and 
an aspherical lens having a convex shape facing >s^e 

-Qh4prt side. ^ 

jth of the two diffractive optical elements 
have a minimum^Ritch of about 2 microns. Namely, 
where a binary opti^ is used to approximate this 
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a]Dparatus having a light source of KrF, for example. 
Thesev^ffr active optical elements are used to mainly 
correct a r&«3;e "under " axial chromatic aberration to 
be produced by the ^«^^nd imaging optical system G2, 
and also to correct the bal^aq^ce of chromatic 
aberration of the total system magnification. 
Further, through the aspherical surf ace "feCfect , they 
contribute mainly to correction of spherical 

The field lens group F may be included in one 
or or both of the first and second imaging optical 
systems Gl and G2 (i.e., an intermediate image is 
formed inside the field lens group F). For the very 
reason, here, it is illustrated as a group separate 
from the first and second imaging optical systems Gl 
and G2. However, it may belong to any one of the 
imaging optical systems, within the scope of the 
present invention. 

From the above-described example, it is seen 
that, with the structure of an optical system 
according to the present invention, an optical system 
having a reduced number of elements and assuring well 
corrected aberrations can be accomplished. 

this example, the conical constant k taken 
as zero. Howev^is^^^^ie design may be made while taking 
the conical constant as ^"^^c^riable . Further, in this 
example, only fluorite was used aS'-'-^glass material 
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^'Sir a wavelength 157 nm, if any other glass material 
such a&^-<luorine doped quartz, for example, is 
available, it^'lfta^^be used. Where the light source 
comprises a KrF exciiTter laser or ArF excimer laser, 
fluorite and quartz may beN^ed in combination. Of 
course, one of them may be useoS^^ 

While in this example a F2 excimer laser 
having an eno^ion wavelength of 157 nm was used as an 
exposure light sbqxce, a KrF excimer laser or ArF 
excimer laser may be\ased. The invention is 
particularly effective w^ere it is applied to an 
optical system in a case whfes^in the wavelength is 
shorter and usable optical matelENials are limited, and 
wherein the transmission factor becbqies low so that 
the number of structural elements of thfeN^optical 
system should be reduced. Therefore, the in^eqrition is 
very effective to an optical system to be used witl^^a^ 
wasiBierrg'nr not greater than 2b0 nm: 

In this example, an aspherical lens which has 
a spherical surface formed on a side opposite to the 
aspherical surface thereof is used. However, the face 
opposite to the aspherical surface may be a flat 
surface or an aspherical surface. Further, although 
all the refracting lenses used in this example are 
aspherical lenses, aspherical lenses and spherical 
lenses may be used in combination. 

The first and second mirrors Ml and M2 have 
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aspherical surfaces. However, they may be formed with 
spherical surfaces. Use of aspherical surfaces is, 
however, preferable, in order that the optical system 
is provided by a smaller number of elements and it has 
5 a high resolving power. The second mirror M2 may be a 
flat mirror. Also, the flat mirror may be formed with 
an aspherical surface. It is desirable that at least 
one aspherical lens or aspherical mirror is used in 
the optical system. Use of an aspherical surface 

10 effectively assures better correction of aberrations 
and reduction of the number of elements used. 

While this example uses two diffractive 
optical elements, the present invention is not limited 
to this. Only one element may be used or, 

15 alternatively, many diffractive optical elements may 
be used. 

a diffractive optical element is 





of steps (levels) approximating a Kinoform may 

Further, although the exposure region has an 
arcuate shape in this example, a rectangular shape or 
any other shape may be used, as long as it is defined 
within an exposure region where aberrations are 
25 corrected. 

Table 1 below concerns Example 1 described 

above . 
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TABLE 1 





1 Ld/LG2 1 


j8G2 


LMl/Lo 


5 


Dl=0.066 D2=0.001 


-0.27 


0. 19 



10 



15 



20 



25 



[Example 2] 

Figure 4 is a schematic view of a projection 
optical system according to Example 2 of the present 
invention. The first imaging optical system Gl 
comprises, in an order from the object side, at least 
a group LI having a refracting lens, and a group L2 
having two mirrors disposed opposed to each other. 
The group L2 is provided by a first mirror Ml and a 
second mirror M2 . Light from the first object 101 is 
imaged by the first imaging optical system Gl, whereby 
an intermediate image is formed. Here, the structure 
is arranged so that abaxial light from the first 
object 101 passes outside the effective diameter of 
the first mirror Ml. The intermediate image as formed 
by the first imaging optical system Gl is imaged by 
the second imaging optical system G2, constituted by a 
refracting lens and a diffractive optical element, 
upon the second object 102 at a predetermined 
magnification. The object surface 101 and the image 
plane 102 are disposed at the opposite ends of the 
optical system. 
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With the structure described above, the 
optical system of this example has a single optical 
axis 103, and it assures the imaging of abaxial light 
without any light interception at the pupil. This can 
be accomplished by a reduced number of optical 
elements . 

Figure 15 shows a specific lens structure 
according to this example- Denoted in the drawing at 
Dl and D2 are diffractive optical elements. 

In the projection optical system of this 
example, the image side numerical aperture was NA = 
0.6, and the reduction magnification was 1:4, The 
object-to-image distance (from the surface of the 
first object to the surface of the second object) was 
L = about 1160 mm. Aberrations were corrected with 
respect to the reference wavelength of 157 nm, and 
within an image height range of about 11.25 - 16.25 
mm. An arcuate exposure region of a size of at least 
about 26 mm in the lengthwise direction and about 5 mm 
in the widthwise direction, was assured. 

Figure 10 shows longitudinal and lateral 
aberrations in this example. The aberrations are 
illustrated with respect to the reference wavelength 
and a wavelength of +lpm. 

-^Ffee^refr acting lens group LI comprises, in an 
order from the oi&^^^t side, an aspherical positive 
lens of meniscus shape^aving a concave surface facing 
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t\ the object side, and an aspherical positive lens of 
apprtejximately flat-convex shape having a convex 
surfacXfacing to the image plane side. This lens 
group LI mainly serves to keep well corrected balance 
of the distortion and the telecentricity , and also to 
direct an abaxisal light flux from the first object to 
the first mirrorTdl. The first mirror Ml is a concave 
mirror having a concave surface facing to the object 
side, and it has a pos^ive refractive power. It 
functions to produce a fr^ld curvature in the positive 
direction, to cancel a negafsive field curvature to be 
produced by the second imagingS. optical system. The 
second mirror M2 is a concave miWor having a concave 
surface facing to the image side. Xlt operates to 
direct the abaxial light flux from the first object 
101 to the outside of the first mirrorNjfll. The 
intermediate image being imaged by the fr^t imaging 
optical system is formed adjacent the outsicle of the 
effective diameter of the first mirror Ml (in\this 
example, the light reflected by the second mirrox M2 
in a direction toward the second imaging optical \ 
system G2 is defined at a portion closer to the mirror 
M2 from the outside of the effective diameter of the\ 

With the structure of this example as 
described above, the reflection light from the first 
mirror Ml and the reflection light from the second 
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mirror M2 can be separated from each other very 
easily. 

this example, a single aspherical lens of 
iconvex shape>r&-..4asposed as the field lens group F, 



A^^shown in Figure 15,. the provision of a 
field lens group F adjacent the intermediate image is 
very effective \o separate the light from the second 
mirror M2 with resect to the first mirror Ml and a 
refracting lens groupvR, without excessively 
increasing the mirror rWractive power in the group L2 
including tow mirrors. Preferably, this field lens 
group F may have a positive refractive power, so that 
it may function to refract the \ight from the first 
5 imaging optical system Gl toward «he second imaging 

optical system G2 to thereby avoid enlargement in size 
of the effective diameter of thie second imaging 
optical system G2. Thus, it assures a smaller 
effective diameter of the second imaging optical 
0 system. Further, since it is disposed adja\ent the 
intermediate image, it functions well for cor^ction 
of abaxial aberration such as distortion aberration, 
f^g^^i^ex a mp3ye . ^ 

The field lens group F may be included in one 
5 or or both of the first and second imaging optical 
systems Gl and G2 (i.e., an intermediate image is 
formed inside the field lens group F) . It may belong 
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to any one of the imaging optical systems, within the 
scope of the present invention. 

The second imaging optical system G2 
comprises, in an order from the object side, a 
5 diffractive optical element having a positive 

refractive power, an aperture stop, a diffractive 
optical element having a positive refractive power, an 
aspherical positive lens having a biconvex shape, a 
positive lens of meniscus shape having a convex 

10 surface facing to the object side, a negative lens of 
meniscus shape having a concave surface facing to the 
image side, and an aspherical positive lens of 
meniscus shape having a convex surface facing to the 
object side. The second imaging optical system G2 

15 provides a reduction system for imaging the light from 
the field lens F onto the surface of the second object 
102, 

^ i^h of the two diffractive optical elements 
has a minimumSpitch of about 2.5 microns. Thus, where 

binary optics\s used to produce this diffractive 
optical element and\if an eight-level structure per 
pitch is to be formed/Sthe smallest linewidth required 
for the smallest pitch orVthis diffractive optical 
element is about 0.31 microi 
25 With the arrangement described above, a good 

catadioptric system in which the structure is very 



any other aberrations are well made, is accomplished. 

While this example uses only one lens for the 
field lens group F, plural lenses may be used 
therefor. Also, the field lens group F may be 
omitted. 

Table 2 below shows numerical values 
corresponding to equations (10) - (12). 



TABLE 2 



1 Ld/LG2 j 


^G2 


LMl/Lo 


Dl=0.036 D2=0.037 


-0.26 


0.23 



[Example 3] 

Figure 5 is a schematic view of a projection 
optical system according to Example 3 of the present 
invention. The first imaging optical system Gl 
comprises, in an order from the object side, at least 
a group LI having a refracting lens, and a group L2 
including at least two mirrors. The group L2 
comprises a first mirror Ml, a second mirror M2 and a 
refracting lens group R. This refracting lens group R 
functions to transmit therethrough both the incident 
light from the first object 101 and the reflection 
light from the first mirror Ml. Namely, it defines a 
reciprocal optical system. Light from the first 
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object 101 is directed to the second mirror M2, by 
which the light is reflected toward the image plane, 
and thereafter, an intermediate image is formed. 
Here, the structure is arranged so that abaxial light 

5 from the first object 101 passes outside the effective 
diameter of the first mirror Ml. The intermediate 
image as formed by the first imaging optical system Gl 
is imaged by way of the field lens group F and by the 
second imaging optical system G2, constituted by a 

10 refracting lens and a diffractive optical element, 
upon the second object 102 at a predetermined 
magnification. 

Figure 16 shows a specific lens structure 

according to Example 3. 
15 In the projection optical system of this 

example, the image side numerical aperture was NA = 
0.6, and the reduction magnification was 1:4. The 
object-to-image distance (from the surface of the 
first object to the surface of the second object) was 
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il lust rated with respect to the reference wavelength 
and a wavelength of +2pra. 

The refracting lens group LI comprises, in an 
order from the object side, an aspherical positive 
lens of meniscus shape having a concave surface facing 
to the object side, and an aspherical positive lens of 
biconvex shape. This lens group LI mainly serves to 
keep well corrected balance of the distortion and the 
telecentricity, and also to direct the light toward 
the reciprocal optical system R and the first mirror 
Ml. 

iHje refracting lens group R which is a 
reciprocal pptic&i^ystem comprises an aspherical 
negative lens of meniscus'**sli^e, having a concave 
surface facing to the object sideTv^th this negative 
lens, mainly the field curvature and axiaivphromatic 
aberration to be produced by the second imagin^v 
optical system G2 are corrected with a good balances 
and, additionally, spherical aberration and comma, for 

first mirror Ml is a concave mirror 
having a conca^^e. surface facing to the object side, 
and it has a positive refractive power. It functions 
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JShcave mirror having a concave surface facing to the 



flux from the isUst object 101 to the outside of the 
first mirror Ml. The^ntermediate image is formed 
adjacent the outside of the^ffective diameter of the 
first mirror Ml. Further, a sihqle aspherical lens of 
biconvex shape is disposed as the fi^lens group F, 
at a position adjacent the intermediate image. 

The second imaging optical system G2 
comprises, in an order from the object side, a 
diffractive optical element having a positive 
refractive power, an aperture stop, a diffractive 
optical element having a positive refractive power, an 
aspherical positive lens of meniscus shape having a 
concave surface facing to the image side, an 




It operates to direct the abaxial light 
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l^lement is about 0.25 micron. 

With the arrangement described above, a good 
catadioptric system in which the structure is very 
simple and in which color correction and correction of 
any other aberrations are well made, is accomplished. 

Jthough in this example the refracting lens 
group R is d^posed adjacent the first mirror Ml, it 
may be disposed\djacent the second mirror M2. 
Namely, as shown inSFigure 6A, the lens group may be 
disposed at the position for passing the reflection 
light from the first mirr^sMl and the reflection 
light from the second mirror M!2y. Figures 6B, 6C and 
6D show modified examples. In Fig^e 6B, it is 
disposed at a position for passing the light from the 
refracting lens group LI, the reflectiork light from 
the first mirror Ml and the reflection light from the 
second mirror. In Figures 6C and 6D, a portW of the 
refracting lens is formed with a reflection miMor. 
In these cases, the refracting lens group LI andVhe 
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desirably be reduced as much as possible. The second 
mirror M2 may be a concave mirror, a flat mirror, or a 
convex mirror. However, in order that the refractive 
power of the first mirror is shared, preferably a 
concave mirror is used. 

Table 3 below shows numerical values 
corresponding to equations ( 10 ) - (12). 



TABLE 


3 




j Ld/LG2 1 


i8G2 


LMl/Lo 


Dl=0.067 D2=0.001 


-0.23 


0.25 
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[Example 4] 

^gure 7 is a schematic view of a projection 
optical system according to Example 4 of the present 
invention. The ^4;rst imaging optical system Gl 
comprises, in an ordb^from the object side, at least 
a group LI having a refr^^ing lens, and a group L2 
having at least one concave nta^ror 501. Light from 
the first object 101 is imaged b^\the first imaging 
optical system Gl, whereby an intermfe<|^iate image is 
formed. Here, there is a reflection surlE^e 502 
disposed adjacent the intermediate image forih^ by the 
first imaging optical system Gl , for deflecting me 
light, by which the abaxial light flux from the firsi 



object 101 and the light from the concave mirror 501 



is constituted by a refracting lens and a diffra 



Figure 17 shows a specific lens structure 
according to Example 4. 

In the projection optical system of this 
example, the image side numerical aperture was NA = 
0.5, and the reduction magnification was 1:4. 
Aberrations were corrected with respect to the 
reference wavelength of 157 nm, and within an image 
height range of about 11,25 - 16.25 mm. As regards 
the image height, a ring field region of 5 mm to 18.6 
mm was assured. 

Figure 12 shows longitudinal and lateral 
aberrations in this example. The aberrations are 
illustrated with respect to the reference wavelength 
and a wavelength of +20pm. 

The refracting lens group LI includes two 
refracting lenses. More specifically, it comprises, 
in an order from the object side, an aspherical 
positive lens of biconvex shape and an aspherical 
positive lens of biconcave shape. 

The group L2 including one concave mirror 
comprises, in an order from the object side, an 
aspherical positive lens of biconvex shape, an 
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aspherical negative lens having a concave surface 
facing to the object side, and a concave mirror. The 
aspherical positive lens of biconvex shape and the 
aspherical negative lens with a concave surface facing 
to the object side cooperate to provide a reciprocal 
optical system R which transmits therethrough the 
light from the group LI and the light reflected by the 
concave mirror, 

Benoted in Figure 7 at 502 is a reflection 
surface which/'^^^^^his example, serves to deflect the 
optical axis 503 by 90 de^>-J^ig^^intermediat image of 
the first imaging optical system Gl is formed adjac^irfe- 
t-be-^f IticLioii liuiface bu2. ^ 

The second imaging optical system G2 
comprises, in an order from the object side, an 
aspherical positive lens having a convex surface 
facing to the image plane, a diffractive optical 
element having a positive refractive power, an 
aperture stop, a diffractive optical element having a 
positive refractive power, an aspherical positive lens 
having an approximately flat-convex shape, having a 
convex surface facing to the intermediate image, and 
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thi^vdiff ractive optical element and if an eight- level 
structure^^r pitch is to be formed, the smallest 
linewidths reqlKU-ed for the smallest pitch of this 
dif tractive opticaTSelement are about 0.28 micron and 
0.27 micron, respective^. 

hough in this embodiment a reciprocal 
optical system >§.^s disposed inside the group L2, it 
may be omitted as shown""*io^igure 8. Further, a flat 
mirror may be disposed in the se^on4^maging optical 
system, and, in that occasion, the objectptane 101 
and the image plane 102 may be disposed in parallel" 
■^ach otheT"^w 

Table 4 below shows numerical values 
corresponding to equations (10) - (12). 




TABLE 4 



1 Ld/LG2 1 


i5G2 


LMl/Lo 


Dl=0.068 D2=0.005 


-0.25 


0.32 



[Example 5] 
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power. A major difference of this example from 
Example 1 is the difference in magnification of the 
optical system. 

Figure 18 shows a specific lens structure 
according to this example. Denoted in the drawing at 
Dl and D2 are diffractive optical elements. 

In the projection optical system of this 
example, the image side numerical aperture was NA = 
0.6, and the reduction magnification was 1:6. The 
object- to- image distance (from the surface of the 
first object to the surface of the second object) was 
L = about 1180 mm. Aberrations were corrected with 
respect to the reference wavelength of 157 nm, and 
within an image height range of about 7.5 - 10.83 mm. 

Figure 13 shows longitudinal and lateral 
aberrations in this example. The aberrations are 
illustrated with respect to the reference wavelength 
and a wavelength of +lpm. 

Ttoe refracting lens group LI comprises, in an 
order from tHla object side, an aspherical positive 
lens of biconvex &lmpe. The group L2 including a 
mirror comprises a fiWt mirror Ml and a second mirror 



# 
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to the object side (this lens system may be considered 
as a field optical system, and it may be or may not be 
included in the second imaging system), a diffractive 
optical element Dl having a positive refractive power, 
an aperture stop, a diffractive optical element D2 
having a positive refractive power, two aspherical 
positive lenses of biconvex shape, and an aspherical 
positive lens having a convex surface facing to the 
object side. 

10 Eath of the two diffractive optical elements 

f\as a minimuin\pitch of about 2.0 microns. Thus, where 
y a binary optics\s used to produce this diffractive 
optical element andvif an eight- level structure per 
pitch is to be formed /\the smallest linewidth required 
for the smallest pitch ofv this diffractive optical 

^> r4|^r> p t -jg-J^HniTh n ,9 R m icrO^ 

Table 5 below shows numerical values 
corresponding to equations (10) - (12). 

20 TABLE 5 

I Ld/LG2 I |SG2 LMl/Lo 

Dl=0.083 D2=0.001 -0.22 0.21 



25 



In the examples described above, all the 
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aspherical surface. However, all the surfaces are not 
required to be aspherical. A spherical mirror may be 
used- Use of aspherical surfaces, however, is 
effective to correct aberrations much better • 

There is an aspherical surface wherein the 
conical constant k is zero. However, the design may 
be made while taking the conical constant as a 
variable. Further, while one of the two surfaces 
defining a refracting lens is formed into an 
aspherical surface, both surfaces may be aspherical 
or, alternatively, the face opposite to the aspherical 
surface may be a flat surface. Further, one surface 
or both surfaces of a parallel flat plate may be 
formed into an aspherical surface. 

rther, although a F2 excimer laser having 
an emission wavfe^ngth of 157 nm was used as an 
exposure light sourc^v ArF excimer laser, for example, 
may be used. The inventibia^is particularly effective 
where the wavelength is short >^d usable optical 
materials are limited, more specirsU:ally , the 
wavelength is not greater than 200 nirii 

rther, although only fluorite was used as a 
glass material, 2>fs^ny other glass material becomes 
available with referenfce1:o F2 excimer lasers, it may 
be used. In relation to us^^*^ ArF excimer lasers, 
fluorite and quartz may be used inspombi nation with a 
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As regards the magnification of the whole 
optical system, a ratio of 1:4 was used. However, any 
other magnification such as 1:6 or 1:8, for example, 
may be used. 

[xther, although two diffractive optical 
elements are us^, the present invention is not 
limited to this. OrJiy one diffractive optical element 
may be used or, alternativfej^, many diffractive 
optical elements may be used. Wh^re plural 
diffractive optical elements are used/'M^iose 
diffractive optical elements having the same 

f T>nrtion m r^^ t'— t=^^^^sp ,<^ „ . 

Further, although the exposure region has an 
arcuate shape, a rectangular shape or any other shape 
may be used, as long as it is defined within an 
exposure region where aberrations are corrected. 

Tables 6-10 below show numerical examples 
concerning the specifications corresponding to Example 
1 to Example 5 above. In these examples, r^^ is the 
curvature radius of the i-th lens surface in the order 
from the object side, d^ is the thickness of the i-th 
lens or i-th air spacing in the order from the object 
side, n^ is the refractive index of the glass material 
of the i-th lens in the order from the object side. 

Also, the refractive indices of wavelengths 
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of the F2 laser are 1.5599949 and 1.5600051, 
respectively. Further, the shape of an aspherical 
surface can be given by the following equation: 



('-'-«'(%)f 



10 




20 



^^here X is the amount of shift in the optical axis 
direction frtyra^^tjie lens vertex, H is the distance from 
the optical axis, rj^ isthe^^qiirvature radius, k is the 
conical constant. A, B, ,,.,0 are aspherical surfSCe 

CPf^f f i ri p^>4=^ ■ — 

The phase function 0(r) of the diffractive 
optical element is given as follows, where r is the 
distance from the optical axis and 'X is the design 
wavelength in the numerical examples. 



0(r) = (27C/^)(Cir^+C2r^+C3r^+C4r8+C5r^^+. . . ) 



.10. 
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[ Example 1] 

Distance from First Object to First Surface: 70.138mm 



10 



I 


ri 


dl 


nl 


1 


-2762. 442 


18. 000 


1. 58000 


2 


-399. 532 


1. 000 




3 


558. 553 


25. 576 


1. 56000 


4 


-214. 414 


171, 921 




5 


-312. 537 


-161. 921 




6 


406. 936 


189. 389 




7 


356. 569 


23. 253 


1. 56000 


8 


-453. 004 


506. 682 




9 


0. 000 


10. 000 


1. 56000 


10 


0. 000 


63. 309 




II 


a o(stoo) 


1. OOS 




12 


0. 000 


10. 000 


1. 56000 


13 


0. 000 


8. 575 




14 


626. 401 


. 35.000 


1. 56000 


15 


-333. 974 


79. 668 




16 


238. 618 


35. 000 


1. 56000 


17 


-619. 121 


6. 883 




18 


95. 677 


35. 000 


1. 56000 


19 


342. 050 







M 1 
M 2 

Diffractive Optical Element 



Diffractive Optical Element 



15 



asphertcal surfaces 



2 0. OOOQOOe+OOO 

4 aOOOQQOe^OOO 

5 0. OOOQOOeiOOO 

6 0.0000006+000 
8 0. OOOOOOe+000 

14 0. OOOOOOe+000 

16 0. OOOOOOeiOOO 

18 0.00000084000 



2. I28391e-0Q8 
1. 641 1336-009 
1. 08374Oe-O07 
-7. 3484356-009 
8. 6S839te-009 
1. 2315046-008 
1. 5727176-008 
-2. 2269216-008 



B 

-6. 4686066-012 
6. 9220936-012 

-8. 2316356-013 
1. 9606476-013 

■1. 7587476-013 

-1. 2876686-012 
1.8904926-011 

-3. 8496486-011 



-2. 457597C-016 
-2. 0153316-016 
9. 0844286-015 
4. 9042846-019 
5.6500186-017 
t. 7956366-018 
-1. 3722656-015 
■4. 4629576-015 



1. 8145046-020 

3. 7381406-020 
-8. 9508456-018 

7. 4087176-022 
-1. 0239436-020 
-8. 6883616-022 

5. 7895466-020 

4. 3808986-020 



2 -4. 827B23C-024 

4 -1. 3077476-024 

5 2. 4705386-021 

6 -3. 3013146-025 
8 1.0242118-024 

14 -1. 8203686-024 
16 7.5794916-024 
18 -2. 7816996-022 



5. 4752218-028 
-t 1074356-028 
-9. 6496216-028 
2. 8800026-029 
-4. 3053616-029 
8. 54087l6H)29 
■7. 5156676-028 
). 9921386-026 



0. 0000006-1000 
0. OOOOOOeiOOO 
0. OOOO0O64OO0 
0. 00000064000 
0. 00000064000 
0. 00000064000 
0. 00000064000 
0. 00000064-000 



20 
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[ Example 2] 
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rl 


dt 


nf 


1 


-555. 578 


22. 012 


1. 56000 


2 


-292. 149 


1. 000 




3 


2553. 758 


* 25. 576 


1. 56000 


4 


-186. 437 


188. 149 




5 


-336. 169 


-178. 149 


Ml 


6 


448. 899 


195.456 


M2 


7 


401. 946 


23. 253 


V 55000 


8 


-403. 602 


499. 775 




9 


0. 000 


10. 000 


1. 56000 


10 


0. 000 


33. 776 




11 


a o{sIod) 


35. 259 




12 


a 000 


10. 000 


1. 56000 


13 


0. 000 


18.767 




14 


1159. 629 


19. 656 


1. 56000 


15 


-345. 388 


T. OOO 




16 


UK 936 


28. 435 


1. 56000 


17 


224, 124 


6. 449 




18 


358. 999 


31. 867 


1. 56000 


19 


lis. 724 


7. 580 




20 


187. 254 


37, OOO 


1. 56000 


21 


-320. 754 


1. OOO 




22 


97. 472 


37. 000 


I. 56000 


23 


267. 502 







Obj-distance= 70. 138 



aspherfcsl surfsces 
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20 



1 K 

2 0. OOOOOOeiOOO 

4 0. 000000e4000 

5 0. OOOOOOe-fOOO 

6 0. OOOOOOe-FOOO 
8 aOOOOOOelOOO 

14 0. OOOOOOe+OOO 

20 0. OOOOOOe-fOOO 

22 0. OOOOOOe+OOO 

t E 

2 -1. 083678e-023 

4 1. 018055e-023 

5 3. 4796516-022 

6 -1. 3140026-025 
8 -9. 9832696-026 

14 4. 9528596-025 
20 -1. 9305406-023 
22 -7. 2794576-023 



t 9689946-008 
1. 0724356-008 
7. 8846566-008 
■7. 3434146-009 
6.4470986-009 
9. 954353e-009 
< 0704016-008 
-2. 9928586-008 



9. 8799436-028 
-8. 8252246-028 
-6, 0624786-026 
1. 0397826-029 
1. 3O5787fr-O30 
706623«-O29 
5. 435958e-028 
7. 047478e-027 



B 

'6. 3829286-012 
5. 5301396-012 
■1 3014366-012 

1. 2564386-013 
•5. 7023056-014 
•1. 2228786-012 

2. 4202606-011 
■3. 2434006-011 



0. 00000064000 
0. OOOOOOa-t^OOO 
0. OOOOOOe+OOO 
0. OOOOOOeiOOO 
0. 0000006+000 
0. OOODOOe+000 
0. OOOOOOe+OOO 
0. OOOOOOe+OOO 



-4. 4374566-016 
2. 2045536-016 
2.3428676-015 
2. 0393276-018 
2.8118896-018 
7.0192066-017 
■2. 6190256-015 
-1. 8276336-015 



3. 2390658-020 
-2. 7367366-020 
-8. 9040306-019 

1. 5937936-022 

9. 7864296-022 
-9. 0862998-021 

t 6252918-019 
-4. 6705776-019 



HOE surfaces 

» CI C2 C3 C4 C5 

9 7.2589416-004 -2. 816325e-O08 -5.1148556-014 0. OOOOOOe+OOO 0. OOOOOOc+000 

13 5. 9540716-004 -7. 5877O6e-009 -9. 8579746-013 0. OOOOOOe+OOO 0. OOOOOOe+OOO 
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di 




1 


-S2i 549 


18. 000 


1. 56000 


2 


-40a 000 


1. 156 






237. 446 


24. 160 


1. 56000 




-564. 8S6 


^220. 411 






-191. 564 


24, 572 


1. 56000 




-456. 235 


2.714 






-287, 559 


-2. 714 


111 




-456, 235 


-24. 572 


I. 55000 




-191 564 


-210.411 






626. 588 


298. 657 


tf2 




264. 313 


29. 512 


1. 56000 




-944. 879 


479. 022 






a ODD 


10. 000 


1. 56000 




a 000 


59, 858 






O.0(stop) 


1. 000 






a 000 


10. 000 


1. 56000 




a 000 


1. 000 






135. 000 


26. 636 


1. 5B0OO 




18a 482 


48.819 




20 


120. 000 


32.500 


1. 56000 


21 


-410. 282 


19. 310 




22 


102. 069 


29. 133 


1. 56000 


23 


0. 000 







ObJ-dlslance:: 68.238 
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aspherica) surfaces 

i K 

2 0. OOOOOOft+OOO 

4 0. OOOOOOe4000 

5 aOOOOOOeiOOO 
7 0.000000^000 
9 0. 00000064000 

10 0. OOOOOOef 000 

12 0. OOOOOOelOOO 

18 0.0000000000 

20 0. OOOOOOeiOOO 

22 0.00000064000 



2. 4937938-008 
-1. 074486e-008 
■1.77l367e-008 
7. 728940e-009 
-1. 771367e-008 
'4. 1S7583e-O09 
1. 3557046-008 
17116736-008 
•2. 2937306-007 
1. 6869116-007 



B 

•5. 5987106-012 

7. 6775626-012 
■4, 4290276-012 

1. 1552406-012 
•4. 4290276-012 

8. 1419776-014 
-1. 6970356-013 

9. 1959626-013 
•1. 175538D-011 
4. 3028656-011 



'1. 0382646-016 
■6, 075624e-015 
3. 7222966-015 
1. 6444246-015 
3. 7222966-015 
1. 6159636-018 
3, 1154816-017 
1. 8648486-016 
-4. 6030306-016 
6. 5524156-015 



I 1635826-020 

4. 4355286-020 
-1. 4568016-018 
-5. 3087476-019 
-1. 4568016-018 

3.2144006-022 
-3. 2562606-021 
-4. 1300196-020 

1. 8247536-019 
-2. 3296198-018 



20 



2 -2. 5025566-024 

4 -2. 6895316-024 

5 9.7677996-022 
7 1 5267866-022 
9 9.7677996-022 

10 -2. 9589616-026 
12 1.5352756-025 
18 7.9815826-024 
20 -4. 9735766-023 
22 1.5954106-021 



1. 6554686-028 
3. 2011596-029 
1592446-025 
•4. 1643716-026 
-1. 1592446-025 
S. 1283536-031 
-2. 3831716-030 
-6. 4895936-028 
S. 9098876-027 
-4.0130246-025 



0. 0000006IOOO 
0. bOOOOOalOOO 

a 00000064000 

0. O0000O64O0O 

a O0000O64O0O 
a 00000064000 
a 00000064000 

0. 00000064000 
0. 00000064000 
0. 00000064000 



HOE surfaces 

I CI 
14 1.0177556-003 
17 5.1480196-004 



C2 C3 
'5.0567456-008 8. 43340l6H}1S 
2. 7867756-008 -2. 6241146-012 



C4 CS 
-1.0327056-018 3.1728166-023 
5. 4848006-017 -4.6315256-022 
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[ Example 4] 
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10 
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r i 


A i 
u 1 


n i 


] 


699. 691 


31 706 


p. 90UUU 


2 


*f Ov. UU f 


11 806 








£U. 9J 1 


1 ARf^nn 

1. 


A 


as*. vU4 


104. 397 




B 


820 381 


^ 27. 468 


1. 56000 


6 


-53a; 238 


682. 098 




7 


-291. 989 


3a 415 


1. 56000 


a 


3831. 912 


69. 406 




9 


-398. 872 


-69. 406 


Ml 


10 


3831. 912 


-3a 415 


1. 56000 


ti 


-291. 989 


-682. 098 




12 


-538. 238 


-27. 468 


1. 56000 


U 


62a 381 


-4. 943 




M 


0. OOO 


504. 609 


K2 


15 


-692. 782 


19.458 


L 56000 


IE 


-43a 908 


29a 815 




17 


a 000 


laooo 


1. 56000 


18 


a 000 


221. 44} 




13 


a o($top) 


16.287 




20 


a 000 


la 000 


1, 56000 


21 


a 000 


3. 360 




22 


3oa 000 


46. 909 


1. 56000 


23 


-4015.088 


68. 510 




24 


22a 000 


46, 794 


1. 56000 


25 


-1164.015 


81 157 




26 


265. 993' 


• 47.000 


1. 56000 


27 


-578. 340 







ispherlcal surfsces 



15 



20 



i K 

1 a OOOOOOef 000 

3 a OOOOOOelOOO 

6 aooooooe+ooo 

7 a OOOOOOe+OOO 
9 a OOfiOOOs+OOO 

11 a 0000006+000 

12 aoooooofr+000 

15 a OOOOOOe+OOO 

22 '3. 224S06e+000 

24 aooooooeiooo 

26 aOOOOOOefOOO 

i E 

1 -3. 736212e-025 

3 2. 872877e-025 

6 t 402849a-028 

7 -1. 4867848-026 
9 -5. 6711446-028 

tl -1, 4867846-026 

12 2.4028490-028 

IS 1 5389476-028 

22 t 1009096-027 

24 1. 1603426-026 

26 -Z. 639599»-024 



-I. 6618666-009 
6. 4583256-003 
2. 8549286-009 
i 9492716-009 
-7. 7618006-0.12 
5. 9492736-009 
2. 85492Sft-O09 
■5. 26r907e-009 
& 390S81e-009 
•7. J33591e-O09 
-3L 6291136-008 



2. O094676-O29 
-1. 76689l6H)29 
-S. 5495946-032 
5.6432206-031 
2.4162676-032 
S. 6432206-031 
-S. 549594e-032 
L 7142686-032 
-9. B30355ft-032 
t S41121e-031 
1.0165096-028 



t 9861536-013 
■2. 0721326-013 
2.8S21B56-01S 
t. 3S3698e-OI3 
5. 1971646-015 
1. 3536986-013 
i 8521856-015 

1. 9730156-014 
•4. 3842856-013 

2. 6654496-013 
'1. 3883886-012 



a DO00O06+ODO 

a oooooofr+ooo 
a oooooofi+ooo 
a 0O00O06+00O 
a OOOOOOe+OOO 

a OOOOOOe+OOO 
a OOOOOOe+OOO 
a OOOOOOe+OOO 

a oooooofr+OQo 

a OOOOOOe+OOO 
a OOOOOOe+OOO 



-5. 2236106-019 
•y 3425486-018 

1. 9447096-019 

2. 8869806-018 

1. 0922596-019 

2. 8869806-018 
1. 9447096-019 
t 6048476-019 
■1. 21044 2 6-018 
-6. 6654046-019 
•1. 4409226-016 



2. 8241516-021 
•1. 9971256-021 

1. 4790798-O23 

2. 9897876-022 

1. 7092786-023 

2. 9897876-022 

1. 4790796-023 
8. 8858086-024 
•1. 0825906-022 
•3. 5888846-022 

2. 0532036-020 



HOE surfaces 



1 CI C2 

17 3. 1831636-004 -4. 046038e-01Q 
20 6.2836876-005 6. 7711516-009 



CI 



C4 



-1 7164346-014 -1. 7591336-020 
4 2157586-014 8.7092416-019 



C5 

-7. 3218766-024 
1 5610996-023 
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0.0 {a top} 


1.000 
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I.SiOM 


0,000 
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Diffractive Optical Element 



Diffractive Optical Element 



uphirlcal iurfteit 
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20 



4 

5 



O.OODOMftHOfl 
O.DOOOOOvKlOO 



6 O.ON00Oe400(l 

9 O.00O0DQ»4O0O 

18 0.0ra0DOe«(l09 

2D 0.00OD(IOe400O 

22 O.NaO00eH)0O 

i E 
i -1.0SB492«-024 

5 2.2434778-020 

6 -1. 341591 •-«24 
» e.699S1Sa-024 

I& -4.135322e-024 
2Q -K2d6(9ll-a24 
22 «. 1248931-023 



1. 29U34a-aDt 
2. 2DIS06«-aa7 

-j.i9a7Uft-aio 

1.9O19949-90B 
1.34ZCaBe-0a8 
2.3O62C7e-O0a 
•8.8S2E86e-OQ| 



1.535404Hltl 
6.894l2]e-0ll 
I.OMt4««-01) 
-2.32D2C5e-01| 
-5.0T8H7H»J 

i.€reioi«-oii 

-3,7929Blc-OiI 



4.8682976-029 
E.6288]a«.024 
t.040897e-02a 
-4.44S103«-028 
3.7041Q7.-02K 
-1.2710Baf-028 
•2.T3a6S3fl-€27 



-4.37027£«-0l7 
>. S3691Gc-«l$ 
-2. a85073«-«17 
I.279I93<-01S 
1.8729288-016 
-1.0S0O29I-O1S 
•4.8488491-015 



S.876CI7t<0Zt 
-S.523997i-«17 

7.08491Si-il2l 
-4.fl88626fl-e20 

4.230949b«020 
-8.B31S0BI-019 



(■.OOOODOttlKN 
D. OOOODOfHIIIO 
Q. OOOMOe-KIIX) 
0. DOOOODi-tfiOO 
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In the embodiments and examples of the 
present invention as described hereinbefore, a 
projection optical system which assures a large 
numerical aperture and a wide exposure area can be 
5 accomplished. 

While the invention has been described with 
reference to the structures disclosed herein, it is 
not confined to the details set forth and this 
application is intended to cover such modifications or 
^ 10 changes as may come within the purposes of the 

improvements or the scope of the following claims. 
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